Differentiation of secondary metabolite profiles in closely related plant species provides clues for unravelling biosynthetic pathways and regulatory circuits, an area that is still underinvestigated. Cucurbitacins, a group of bitter and highly oxygenated tetracyclic triterpenes, are mainly produced by the plant family Cucurbitaceae. These compounds have similar structures, but differ in their antitumour activities and ecophysiological roles. By comparative analyses of the genomes of cucumber, melon and watermelon, we uncovered conserved syntenic loci encoding metabolic genes for distinct cucurbitacins. Characterization of the cytochrome P450s (CYPs) identified from these loci enabled us to unveil a novel multi-oxidation CYP for the tailoring of the cucurbitacin core skeleton as well as two other CYPs responsible for the key structural variations among cucurbitacins C, B and E. We also discovered a syntenic gene cluster of transcription factors that regulates the tissue-specific biosynthesis of cucurbitacins and may confer the loss of bitterness phenotypes associated with convergent domestication of wild cucurbits. This study illustrates the potential to exploit comparative genomics to identify enzymes and transcription factors that control the biosynthesis of structurally related yet unique natural products.
T he structural diversity of plant secondary metabolites in phylogenetically related species is likely to be associated with adaptation to different ecological niches 1 . In the plant family Cucurbitaceae, bitter compounds known as cucurbitacins can serve as protectants against generalists, and also as feeding attractants for specialists 2, 3 , in mediating the co-evolutionary association between herbivores and cucurbits including cucumber (Cucumis sativus L.), melon (Cucumis melo L.) and watermelon (Citrullus lanatus (Thunb.) Matsum. and Nakai) 3 . To date, 12 categories of cucurbitacins have been discovered, most of these from cucurbit plants 4 . Although a cucurbitacin C (CuC) biosynthetic module consisting of nine genes has been identified in cucumber and four of the pathway enzymes have been characterized 5 , the genetic basis of cucurbitacin diversity among the wider cucurbits is unknown. Cucurbitacins also exhibit wide-ranging pharmacological potential, including anti-inflammatory, purgative and antitumour activities 4, 6, 7 . It is of particular interest that cucurbitacins B (CuB) and E (CuE) (Fig. 1a) , the major bitter compounds isolated from melon 8 and watermelon 9 respectively, display much stronger antitumour activities than the structurally similar CuC [9] [10] [11] . Understanding the evolutionary and genetic basis of this metabolic diversity and specificity could provide crucial clues for chemical ecology and tools for crop breeding, as well as opening up opportunities for production and engineering of these plant-derived chemicals for pharmaceutical applications.
The non-bitter cucurbit cultivars that are used for production of vegetables and fruits for human consumption have been domesticated from their extremely bitter progenitors. In cucumber, expression of the CuC biosynthetic genes is controlled by two tissue-specific basic helix-loop-helix (bHLH) transcription factors (TFs) in the leaves (Bl, bitter leaf ) and fruit (Bt, bitter fruit) 5 . Mutations within the promoter of Bt effectively remove fruit bitterness, and this trait of non-bitterness has been selected and fixed during the domestication process 5 . However, it is unclear whether the mechanisms underlying CuC regulation and domestication in cucumber also prevail in other cucurbits. Since genome mining has become a powerful strategy for metabolic studies in both microbes and plants [12] [13] [14] [15] [16] [17] [18] [19] [20] , we envisioned that investigation of the genome sequences of three cucurbit plants (cucumber 21 , melon 22 and watermelon 23 ) would provide a unique opportunity to understand the regulatory and biochemical principles dictating cucurbitacin diversity in cucurbits.
Here, by applying a comparative genomic study, we report that independent mutations within syntenic transcription factor genes in the three cucurbits may result in marked decreases in fruit bitterness, in turn giving rise to converged domestication of bitter wild cucurbits. Furthermore, dynamic genomic variations in the biosynthetic loci explain the observed chemical diversity of cucurbitacins, opening up the possibility to produce novel cucurbitacins or derivatives thereof through metabolic engineering.
Results
Comparative analyses of cucurbitacin biosynthetic genes. Since CuC, CuB and CuE share very similar structures (Fig. 1a) , their biosynthetic processes in the different cucurbits should be similar to each other. According to a previous study 5 , nine CuC biosynthetic enzymes, including an oxidosqualene cyclase (OSC, the Mendelian gene Bi), seven cytochromes P450 (CYPs) and an acyltransferase (ACT) are co-expressed in the leaves of cultivated cucumber and the fruit of the wild ancestor, five of which are clustered (Bi, three CYPs and an ACT) on chromosome 6 (Bi cluster). A comparative genomics approach was pursued to unravel the biosynthetic pathways of CuB and CuE in melon and watermelon, respectively. We analysed the gene annotations within the collinear regions and the sequence similarities among the three cucurbits, focusing first on the region where the Bi cluster is localized (Supplementary Fig. 1a ). Consistent with our expectations, similar gene clusters were identified in melon and watermelon on chromosomes 11 and 6, respectively. The gene annotations and orientations within these two regions are exactly the same as those of Bi cluster ( Supplementary Fig. 1a ). To simplify the narrative, we renamed all the genes annotated within these syntenic regions (Table 1) . Similar syntenic genes were also observed at the collinear region of Cs490 and Cs890 except for the presence of two paralogous genes (Cl890A and Cl890B) in the watermelon genome ( Supplementary Fig. 1b,c) . In contrast, less similarity was observed at the collinear region where Cs540 and Cs550 are located: the full-length orthologous genes were truncated in melon and missing in watermelon ( Supplementary Fig. 1d,f) .
Subsequently, expression profiles of these genes as well as cucurbitacin distribution in melon and watermelon were analysed. Interestingly, most of the candidates are highly expressed in the roots of seedlings or the fruit in wild lines, consistent with the cucurbitacin content in the different plant tissues (Fig. 1b) , suggesting that these genes may be involved in CuB and CuE biosynthesis in melon and watermelon, respectively. In line with this speculation, the orthologous genes of CsBi, two putative OSCs (CmBi and ClBi) from the gene clusters in melon and watermelon respectively (Fig. 1b) Figure 1 | Comparative analysis of cucurbitacin biosynthetic and regulatory genes in cucumber, melon and watermelon. a, The evolutionary relationship of three cucurbits and structures of CuC, CuB and CuE. Myr, million years. b, The distribution of bitter compound and expression profiles of genes in wild or cultivated lines. Genes were renamed according to Table 1 . For cucumber, gene expressions were shown by the fragments per kilobase of transcript per million value; for melon and watermelon, expression profiles were determined by qRT-PCR. Relative gene expression values are shown with identical scales (means ± standard error of the mean (s.e.m.), n = 3 biological replicates). The potential biosynthetic enzymes and regulators of CuC, CuB and CuE are indicated in bold. Chr, chromosome. Fig. 2 ), which represents the first committed step in cucurbitacin biosynthesis 24 . In addition, CmACT and ClACT, the orthologues of the CsACT that is involved in the final CuC biosynthetic step (Fig. 1b) , are also able to acetylate the cucurbitacin precursors CuD and CuI in the production of CuB and CuE, respectively (Fig. 2b,c) . All three ACTs exhibit substrate promiscuity and have the capacity to acylate a wide range of substrates (for example, CuD, CuI and deacetyl CuC) ( Supplementary Fig. 3 ). Thus, the potential CuB and CuE biosynthetic enzymes are eight (CmBi, six CYPs and CmACT) in melon and ten (ClBi, eight CYPs and ClACT) in watermelon, respectively.
A new multifunctional CYP. To identify the CYP involved in hydroxylation of the cucurbitadienol scaffold to product CuB and CuE, each of the potential CuB and CuE biosynthetic CYPs was expressed in the yeast engineered to produce cucurbitadienol, and the resulting metabolites analysed by liquid chromatography mass spectrometry (LCMS). Cm890, Cl890A and Cl890B (all belonging to the CYP87D subfamily) were each shown to oxidize cucurbitadienol to two new products (Fig. 3a,b and Supplementary Fig. 4a,b) . LCMS/MS and nuclear magnetic resonance (NMR) spectroscopic analyses identified these compounds as 11-carbonylcucurbitadienol and 11-carbonyl-20-hydroxycucurbitadienol, respectively (Supplementary Figs 5-11 ). Interestingly, of the two homologous CYP87Ds from watermelon (87% amino acid identity), Cl890A displayed a significantly higher catalytic activity than Cl890B ( Supplementary Fig. 4d ,e). We concluded that the multifunctional CYP87Ds catalyse two oxygenation reactions for CuB and CuE biosynthesis.
We noticed that cucumber has an orthologue (Cs890; CYP87D20) of the above melon and watermelon CYP87Ds with high sequence identity (96.2-98.3%). However, our previous studies could not detect any catalytic activity for this CYP. Accordingly, we reinvestigated the activity of the Cs890 gene product in yeast using the same analytical method that utilizes atmospheric chemical ionization (APCI) and compared the results with electrospray ionization (ESI) in previous work. This experiment showed that cucumber CYP87D20 encoded in Cs890 could catalyse the same reactions as the orthologous CYP87Ds in melon and watermelon. Previously, we showed that Cs540 encodes a CYP that is able to hydroxylate C19 of cucurbitadienol 5 . When Cs540 and Cs890 were simultaneously expressed in yeastproducing cucurbitadienol, both 19-hydroxycucurbitadienol and 11-carbonyl-20-hydroxycucurbitadienol could be detected, although the catalytic efficiency of Cs890 was higher than Cs540 ( Supplementary  Fig. 12 ). These results suggested that both Cs890 (CYP87D20) and Cs540 (CYP88L2) are capable of oxidizing cucurbitadienol. The former enzyme is conserved among three cucurbits, but the latter one is specific to cucumber. Based on the nearly perfect collinearity of the genomic regions among the three cucurbits, and the conserved biosynthetic processes, we conclude that the structural similarities among cucurbitacins are conferred by conserved orthologous enzymes.
Functional diversification of enzyme in the gene clusters. The above experiments with OSC, ACT and CYP87D20 support the notion that closely related enzymes contribute to the structural similarity among cucurbitacins. It is rational to predict that the diversity of the bitter chemicals should be conferred by those functionally non-conserved CYPs. We observed that the syntenic region of Cs540 has undergone dynamic evolution among the three cucurbits and that the orthologues of Cs540 are either truncated or missing in melon and watermelon. As Cs540 hydroxylates C19 of cucurbitadienol 5 , the hydroxyl modification that is present in CuC but absent in CuB/E (Fig. 1a) , rapid evolution in this genomic region may explain this distinct chemical divergence of the three cucurbitacins at C19. 
Orthologous genes are listed in rows. The co-expressed genes encoding potential CuC, CuB or CuE biosynthetic enzymes or regulators are indicated in bold. C2, C11, C20, C19 and C25 represent the corresponding carbon atom of cucurbitadienol. The evolutionary relationship of the genes encoding CYP88s or bHLH TFs is shown in Supplementary Fig. 1 . Abbr., abbreviation; Predicted, genes not annotated in the genome database; superscript T, truncated gene; superscript Δ, premature translational termination.
We also noticed another difference in the syntenic regions between cucumber and melon/watermelon at the locus occupied by the non-expressed gene Cs180 in cucumber (Fig. 1b and Supplementary Fig. 1a) , where melon and watermelon encode highly transcribed counterpart genes (Cm180 and Cl180). Functional characterization of the CYPs annotated within this discrepant region may elucidate the potential mechanisms underlying cucurbitacin diversity. When Cm180 or Cl180 was expressed in the yeast engineered to produce 11-carbonyl-20-hydroxycucurbitadienol, a single new product was synthesized from the yeast strain ( Fig. 3c and Supplementary Fig. 4c ). After purification and NMR analysis, the structure of this new product was identified to be 11-carbonyl-2, 20-dihydroxycucurbitadienol ( Supplementary Figs 13-16 ). As the C2-hydroxyl moiety is lacking in cucumber CuC, this result clearly showed that expressional variation in the syntenic loci of Cs180 is responsible for the C2-hydroxyl pattern in CuB and CuE.
Convergent domestication of wild cucurbits. In cucumber, CsBl is the leaf-specific TF that directly regulates CuC biosynthetic genes in leaves, and CsBt is the fruit-specific TF, mutation of which has led to the domestication of the extremely bitter wild ancestor. Given the fact that cucurbitacins biosynthesis is conserved in cucurbits (described above), we presumed the CuB and CuE biosynthetic enzymes may also be modulated by conserved TFs. To unveil the putative regulators in melon and watermelon, we screened for the genes predicted to encode TFs within the syntenic region that contains CsBl and CsBt. Five bHLH TFs were identified in this collinear region in both melon and watermelon (Table 1 and Supplementary Fig. 1e,g ). As revealed by the expression profiles of these candidates as well as the cucurbitacin content in different tissues of seedling and fruit, CmBr and ClBr (Br, bitter root) are co-expressed with other CuB and CuE biosynthetic enzymes in the roots of melon and watermelon respectively, consistent with the bitterness distribution in these plants (Fig. 1b) . Thus, these TFs are likely to be the potential root-specific regulators of cucurbitacin biosynthesis and probably participate in the chemical defence against underground herbivores in melon and watermelon. To identify the putative regulators of fruit bitterness in melon and watermelon, the expression patterns of TFs and the bitterness content in the fruits of wild and cultivated accessions were compared. Observation of the predominant expression of CmBt and ClBt in the bitter fruit of wild lines, with decreased expression in the cultivated lines, indicated that these two TFs may regulate fruit bitterness in melon and watermelon, respectively (Fig. 1b) . More importantly, analogous to the function of Bl and Bt, these putative root-specific and fruit-specific regulators are able to directly activate transcription of the co-expressed genes for the CuB and CuE biosynthetic enzymes ( Fig. 4a and Supplementary Figs 17-20) , whereas two bHLH TFs (Cm609 and Cl509) from the same collinear region do not have the same capacity ( Supplementary  Fig. 21 ). A cotyledon transient agro-infiltration expression system was developed to further confirm the in vivo function of these regulators, as effective stable gene transformation in melon or watermelon is still not available. Expression of either CmBt or CmBr in non-bitter melon cotyledons activated the transcription of CmBi and induced CuB biosynthesis in this tissue (Fig. 4b) . A similar result was observed when ClBt or ClBr were transiently expressed in watermelon cotyledons, resulting in CuE biosynthesis (Fig. 4b) . On the basis of these results, we speculated that these four TFs (CmBt and CmBr, ClBt and ClBr) should be the tissuespecific cucurbitacin regulators in melon and watermelon, respectively. Since disruption of bitterness regulation in the fruit of wild cucumber has led to the domesticated non-bitter cultivar 5 , we questioned whether convergent domestication of wild cucurbits was likely to be conferred by the mutations within the conserved (Fig. 4c) . To identify the genetic variants associated with the bitter fruit phenotype in watermelon, sequences of ClBt from seven bitter wild lines were compared with the genes from 13 non-bitter cultivars. A single base pair mutation at the second exon of ClBt resulting in a premature protein translation in cultivated watermelon was identified ( Supplementary Fig. 22a ). This single nucleotide polymorphism corresponds with the bitter fruit phenotype: the nucleotide at position 382 is T in 13 non-bitter cultivars and C in seven bitter wild lines. The mutated ClBt encodes a truncated protein, predicted to be around about half the length of the wild type protein (127 versus 249 amino acids), and so is likely to be non-functional. As expected, the truncated ClBt gene did not show regulatory ability (Fig. 4b and Supplementary Fig. 22b-d) , which may explain the lack of CuE production in the fruit of cultivated watermelon. These discoveries support the hypothesis that changes within the homologues of fruit bitterness regulators have caused convergent domestication of cucurbits. For CmBt, we failed to amplify the whole sequence of CmBt, most likely because of a genome assembly error. Instead, the coding region of CmBt was obtained by applying rapid amplification of cDNA ends. Although no coding differences were found in CmBt between wild and cultivated lines, its expression is substantially reduced in the cultivated lines (Fig. 1b) , suggesting that the causative mutation that gave rise to the non-bitter melon phenotype may have occurred in the promoter region of this gene, similar to the situation for Bt in cucumber.
Discussion
In this study, we explored the genomic synteny among cucurbits to identify biosynthetic pathway and master regulators of cucurbitacin in melon and watermelon. During crop domestication, similar human demands have led to convergent phenotypic evolution (for example, bigger fruit size and better fruit taste) 25 . Although the molecular events underlying these convergent phenotype alterations are still only poorly understood, an increasing number of examples support the tenet that causative mutations at orthologous genes may underlie convergent changes in key traits in crop domestigation 25 . Consistent with this hypothesis, we found that the loss-of-bitterness domestication of three wild cucurbits was caused by mutations occurring at homologous fruit bitterness regulators at the syntenic regions. Breeding has led to selection for loss of function of these direct fruit-specific regulators (CsBt, ClBt and CmBt) during the domestication process of wild cucurbits, avoiding unwanted additional pleiotropic effects that are likely to be caused by the changes in upstream regulators as well as reserving the cucurbitacins biosynthetic machinery for herbivore resistance, so increasing the likelihood of the trait being selected and fixed. Interestingly, CmBr and CmBt are homologues but not orthologues of Bl and Bt, respectively. For instance, CmBr regulates bitterness biosynthesis in the roots of melon, whereas its orthologous genes Cs220 in cucumber and Cl509 in watermelon have lost their function ( Fig. 1b and Supplementary Fig. 1e) . A similar situation was also observed in watermelon for ClBt (Fig. 1b and Supplementary Fig. 1e ). ClBt is specific to watermelon among three cucurbits, since the corresponding genes are truncated in cucumber and melon. On the other hand, the region collinear with Bl and Bt in watermelon has two full-length homologues (Cl507 and Cl511) that are absent in cucumber and melon. Based on their sequence similarity (74% amino acid identity), it is likely that these two watermelon-specific genes have resulted from gene duplication after speciation of the genus Citrullus followed by rapid rate sequence evolution (Supplementary Fig. 1g ).
Closely related plants are known to synthesize structurally similar but distinct specialized metabolites. These conserved yet divergent structural features of specialized metabolites may be due to adaptive evolution in response to various biotic stresses (for example, insects and pathogens) 26 , or alternatively to random mutation and genetic drift. One key finding from this work is that the major gene clusters for cucurbitacin biosynthesis are highly conserved in the three cucurbits. This suggests that selective pressure may have been imposed on cucurbits to retain these biosynthetic gene clusters, thereby maintaining effective biosynthesis of specialized metabolites [27] [28] [29] . The three clusters all produce cucurbitacin-derived triterpenes, but minor differences in the structures of the pathway end-products leading to diversification have arisen from gene duplications and random mutations. By comparing the cucurbitacin biosynthetic gene clusters in the three Cucurbitaceae species, we could accurately correlate the unique genomic features to subtle, but potentially important, structural diversification in different cucurbitacins.
Such experimental data, uniquely linking comparative genomic features to catalytic activities, provide compelling evidence of the in planta biochemical functions of these regions without involving laborious mutant screening or RNA interference analysis. Considering the difficulties of precisely assigning specific enzyme functions for complex, specialized metabolites (for example, cucurbitacins) in non-model organisms, our approaches in combining comparative genomics and biochemical analysis could be effective tools to expedite gene discovery. Because the numerous chemical structures of distinct cucurbitacins are known from Cucurbitaceae plants and genome sequencing has become affordable, we can infer and validate the biochemical functions of various genes by simply comparing different genomic features (for example, pseudogene, the absence and presence of genes) among many different cucurbits. It is known that subtle differences in the structures of specialized metabolites can markedly alter their pharmaceutical and biological activities [30] [31] [32] . Therefore, the new enzymes identified in this work can be valuable additions to the catalytic tool kits for customized cucurbitacin production by microbial or plant metabolic engineering 33, 34 .
Methods
Gene expression in yeast. The coding sequences of potential CuB and CuE biosynthetic genes were cloned from the cDNA mixture of root of melon and watermelon, respectively. The purified PCR products were cloned into the pMD19-T vector (TAKARA) and sequenced for errors. The pYES2 (Invitrogen) was modified by replacing the Ura selection marker with Trp, Leu and His markers. The gene was constructed into pYES2 or modified pYES2 for the yeast in vivo assay using an In-Fusion Cloning Kit (Clontech) with the primers listed in Supplementary Table 2 .
The yeast INVSc1 (Invitrogen) strain was transformed with a different construct. The recombinant cells were first cultured in SC minimal medium containing 2% glucose at 30°C. For protein induction, cells were collected and resuspended in SC minimal medium containing 2% galactose instead of glucose, and cultured at 30°C for 2 days.
Yeast extract preparation. Yeast harbouring CPR and each candidate CYPs was cultured and then centrifuged at 6,000 r.p.m. for 10 min. The pellet was resuspended in 20% KOH/50% EtOH (1:1) and treated with alkali lysis method for 1 h at 95°C. Lysate was extracted twice with the same volume of petroleum ether (PE, 60 ∼ 90°C), the PE was gathered and then dried with blowing nitrogen gas.
In vitro actyltransferase assay. E. coli cells transformed with the pET32a vector harbouring each putative ACT gene (Cs700, Cm700 or Cl700) were grown overnight at 37°C in 2 ml of LB medium supplemented with 50 µg ml -1 ampicillin. After cultivation, 500 µl of this inoculum was added to 250 ml of LB supplemented with 50 µg ml -1 ampicillin and grown at 37°C. When cells grew to A 600 of 0.4, IPTG was added to the inoculum making final concentration at 0.5 mM. After incubating for 24 h at 16°C, cells were harvested by centrifugation at 6,000 r.p.m. for 10 min at 4°C. The pellet was then resuspended with 20 ml of assay buffer (50 mM sodium phosphate (pH 8.0), 500 mM NaCl, 10 mM imidazole), and then disrupted on ice by sonication. The resulting homogenate was centrifuged at 6,000 r.p.m. for 20 min at 4°C. Recombinant His-tagged ACT was purified by Ni-affinity chromatography. Protein concentration was determined by SDS-PAGE using BSA as quantification standard.
ACT enzyme activity assays were performed by incubating 40 µg of the purified recombinant protein in 1 ml of 50 mM sodium phosphate buffer (pH 7.5) containing 400 µM acetyl-CoA and 400 µM substrate. After incubating for 30 min at 31°C, the reaction mixture was extracted three times with an equivalent volume ethyl acetate, and the solvent was concentrated using blowing nitrogen gas. The crude product was dissolved in methyl alcohol and analysed by LCMS.
UPLC-ESI-qTOF-MS analysis of yeast extract. The yeast extracts were dissolved in methanol and the solution was filtered through 0.22 µm membrane before injection. Chromatography was performed on an Agilent 1290 UPLC (ultra performance liquid chromatography) system using a ZORBAX SB-C 18 column (1.8 µm, 2.1 × 150 mm, Agilent). The mobile phase consisted of 0.1% formic acid aqueous solution (v/v, solvent A) and acetonitrile/0.1% formic acid (v/v, solvent B). The flow was 0.3 ml min -1 , and the injection volume was 1 µl. A linear gradient with the following proportion of phase B (t min , B%) was used: (0, 30), (17, 100), (22, 100) . The UPLC was coupled with an electrospray ionization (ESI), a hybrid quadrupole time-of-flight (qTOF) mass spectrometer (model 6540, Agilent). The mass acquisition was performed on positive ionization and full scan (50-800 Da) modes. Spray parameters were as follows: gas temperature, 350°C; gas flow, 11 l min Transient gene expression in the cotyledon of melon or watermelon. The coding sequence of CmBr, CmBt, ClBr or ClBt was fused into the binary vector (pCAMBIA1300) downstream of the 35S promoter and sequenced for error. The construct was then transformed into EHA105. After cultivation, cells were harvested by centrifugation and resuspended in 10 mM MES buffer containing 10 mM MgCl 2 and 200 µM acetosyringone (Sigma). The final A 600 of the Agrobacterium suspension was adjusted to 0.4. After incubation at room temperature for 2-4 h, the Agrobacterium suspension was infiltrated into the cotyledon of 8-day-old seedlings from the adaxial side using a needleless syringe. To maximize the gene expression, the infiltrated plants were sampled at 3, 5 and 7 days after the infiltration. These experiments were repeated independently for at least ten times with the similar results.
Data availability. The data that support the findings of this study are available from the corresponding author on request.
